Abstract-This paper provides the results of studying the formation kinetics and the structure of mesoporous silicon layers obtained by electrochemical anodization in an electrolyte based on 12% aqueous hydrofluoric acid. The electrolyte consisted only of deionized water and hydrofluoric acid and contained no organic additives in order to prevent contamination of porous silicon with carbon during the anodization. All the experiments were carried out on whole silicon wafers 100 mm in diameter, rather than samples of a small size, which are often used to save silicon. As the initial substrates we used monocrystalline silicon wafers of brand KES 0.01, which were cut from the ingots produced by the Czochralski method. Dependences of the thickness of porous sili con layers, its growth rate, and the volume porosity on the anodic current density and the anodization time are determined. Scanning electron microscopy was used to study the structure of porous silicon layers and to define the size and density of the pore channels. The regimes of obtaining homogeneous porous silicon layers for their subsequent use as buffer layers in epitaxy are found.
INTRODUCTION
To date, there are a number of works on the forma tion of porous silicon (PC) by electrochemical anod ization and the study of the physico chemical proper ties of this material. These works were started in the 1970s and were intended to use PC for activating cer tain technological processes in silicon microelectron ics [1] . The studies of PC received a powerful addi tional impetus after the discovery of PC luminescence in the visible spectrum [2] . The results of numerous PC studies are presented in a number of review papers [3] [4] [5] . It is found that, depending on the mode of anodization of monocrystalline silicon with different doping levels and conductivity types, one can obtain a whole PC family with a wide range of variations in the size of the pore channels. In accordance with the international classification of porous bodies, there are three classes of porous silicon.
1. Microporous silicon (pore diameter up to 2 nm). 2. Mesoporous silicon (pore diameter from 2 to 50 nm).
3. Macroporous silicon (pore diameter 50 nm). One of the most promising areas of application of mesoporous silicon is the creation of buffer layers for epitaxial growth of films from semiconductor materi als on silicon substrates. The favorable effect of the buffer layer of mesoporous silicon was demonstrated for the homoepitaxy of silicon films [6] , the formation of silicon carbide films [7] , epitaxial films of gallium arsenide [8] , lead sulfide [9] [10] [11] [14] , and some other materials. PC buffer layers may be monolayer or multilayer, consisting of several layers with different porosity and thickness. Well recommended is a two layer buffer structure that consists of a thin upper PC layer with low porosity (less than 30%) and a thicker lower PC layer with high porosity (more than 55%). The upper low porosity layer provides high structural perfection of the epitaxial layer, and the lower high porous layer allows reducing mechanical stresses in the epitaxial structures, which are caused by the difference in the lattice parameters and the thermomechanical properties of the epitaxial layer and the silicon sub strate. At a high porosity of the second thick PC buffer the epitaxial layer may separate from the silicon sub strate with further transfer to another substrate after thermocompression or anodic bonding. This principle was used for developing the layer transfer technolo gies, which allow obtaining semiconductor structures, which are difficult or impossible to produce using tra ditional methods of epitaxy.
A distinctive feature of the majority of the studies carried out on PC is the use of electrochemical anod ization of silicon of electrolytes containing aqueous alcoholic solutions of hydrofluoric acid. Such an elec trolyte composition for the production of PC was pro posed in [15] and gained very broad use. The introduc tion of alcohol into the electrolyte allows providing better wettability of the silicon surface and eliminating the influence of hydrogen bubbles on the uniformity of the PC layer. Despite a number of advantages in terms of the process (good wettability of the silicon surface), these electrolytes apparently have a serious drawback: penetration of carbon impurities from the alcohol into porous silicon during the anodization. Contamination of PC by carbon is highly undesirable for epitaxial pro cesses, since carbon compounds can come from the buffer layer of PC into the growing epitaxial film and have a significant impact on its defectiveness. Even at the epitaxy of silicon carbide films containing carbon as structurant atoms, the uncontrollable carbon con tent in PC with a large effective surface is highly unde sirable. In this regard, this work was implemented using the electrolytes that contain highly purified hydrofluoric acid and deionized grade A water, which are used in the microelectronics industry. To eliminate the influence of hydrogen bubbles we stirred the elec trolyte using a mechanical stirrer. It should be noted that in this approach it is fundamentally important to control the homogeneity of the formed PC layers (spread of PC layer thickness values by the diameter of the wafers).
The purpose of this work is to study the kinetics of the formation and determination of the bulk density of mesoporous silicon layers obtained by electrochemical anodization in aqueous solutions of hydrofluoric acid to select modes for obtaining homogeneous PC layers with a wide range of thickness and porosity for their subsequent use as buffer layers. In accordance with this aim, further we consider the problem of obtaining PC layers with various bulk density (varying porosity) and thickness ranging from several hundred nanome ters to several micrometers.
EXPERIMENTAL
The main macroscopic parameters of PC are thick ness and bulk density, which characterizes the porosity of the material. When using PC as a buffer layer, these parameters face rather strict requirements for their reproducibility from wafer to wafer when anodizing a party of wafers under the same modes. Also it is required to control the thickness uniformity within the area of anodized silicon substrates.
The distinguishing feature of this work is that all the experiments were carried out on whole silicon wafers of 100 mm in diameter, rather than samples of small sizes, which are often used to save silicon. The silicon wafers with orientation (100) were excised from monocrystalline ingots doped with antimony up to 4 × 10 18 cm -3 in the growth process by the Czochralski method. The wafers were manufactured at the Kamer ton Branch of OAO INTEGRAL and meet the requirements of ETO 035.206. The resistivity of the wafers was 0.01 ohm cm.
Prior to anodizing, the silicon wafer was subjected to chemical treatment in a boiling peroxide ammonia solution followed by rinsing in running deionized water and drying in a centrifuge. Electrochemical anodization of the wafers was carried out in an electro chemical cell made of fluoropolymer. The anodizing electrolyte consisted of 1 part by volume of concen trated (46%) hydrofluoric acid and 3 parts of deionized water. The anodization zone diameter was 92 mm. The silicon wafer was placed in the cell on a copper table (anode) covered with a golden film. The cathode was fabricated in the form of a spiral of platinum wire. The mechanical stirrer of fluoropolymer was placed between the wafer and the cathode. The distance from the wafer surface to the stirrer was ∼2-3 mm. The stir rer speed was kept constant in all the experiments; it was 120 rpm.
The formation of PC typically uses the galvano static anodizing mode, wherein the anode current flowing through the sample is kept constant over time. This means that a constant during the anodizing is the anode current density, which is defined as the current value per cm 2 of the anodized silicon surface area. The galvanostatic mode was implemented using the Metrohm Autolab PGSTAT 302N potentiostat/gal vanostat as a DC source. The thickness of PC layers was measured on ball thin sections, which were pre pared by the diameter of the silicon wafer in 8 points at a distance of about 1 cm. The measurement results were used to determine the average thickness of the PC layer. The bulk density of PC was calculated from the measurements of weight reduction of the wafers after anodizing and the knowledge of the PC layer thick ness.
Important microscopic structural characteristics of PC are sizes of pore channels and the pore density (number of pores per area unit, usually per cm 2 ). These parameters were determined according to the results of studying the surface and transverse chips of the wafers with the PC layers by a scanning electron microscope using the Hitachi S4800 microscope.
RESULTS AND DISCUSSION Figure 1 shows the dependences of thickness T of the PC layers on the anodizing time t for various anode current densities j (from 1 to 70 mA/cm 2 ). The PC samples were prepared at the anodic current density of 1, 3, 5, 10, 20, 50, and 70 mA/cm 2 . For each anodic current density we produced 6 samples with various anodization times. Each experimental point in Fig. 1 represents the average PC layer thickness determined according to the results of measurements at 8 points by the diameter of the wafer.
As can be seen from Fig. 1 , the dependences of the thickness of the PC layers on the anodization time are strictly linear for all the anodic current densities used. The slope of the straight lines characterizes the PC growth velocity (V). The linear dependence of the PC layer thickness on the anodization time means that at a constant anodic current density (galvanostatic anod izing mode) the PC growth velocity did not change within the experiment performed. Thus, at a constant current density, equal increments of the porous layer thickness occur over equal time intervals. Conse
